This paper presents a study on the microstructure and mechanical properties of a microalloyed HSLA steel solidified by continuous casting process and annealed at 1100 °C for 1 hour. The techniques of confocal microscopy, scanning electron microscopy and hardness, tensile and Charpy mechanical tests were used. The results of this research showed that the microstructure of the sample in the as-received condition was mainly composed of acicular ferrite and aggregates of ferrite and carbides. Non-metallic inclusion characterization of as-cast steel showed that calcium content was not enough to modify the morphology of some aluminates. After thermal treatment, the initial microstructure was transformed into polygonal ferrite and pearlite. In both conditions, different types of precipitates were found, which were classified according to their distribution in the microstructure. The steel with solidification structure showed a higher tensile strength, but its application would be unlikely in components that require good impact strength.
solidification and modification of the aluminate morphologies, sulphide and silica to globular, since these compounds make this material very susceptible to embrittlement by hydrogen (Cicutti et al., 1997; Turkdogan, 1996; Holappa et al., 2003) . With this purpose Ca/S ratio must be above 1.5 for steel with sulfur content > 0.001% (Ghosh et al., 2018) .
In this work, a correlation between the microstructure and mechanical properties, as well as the identification of the second phase particles of a microalloyed HSLA steel solidified by the continuous casting process and annealed is made.
Method

Material
Samples of an HSLA steel (microalloyed) solidified by continuous casting in slab form and with dimensions of 1.2 x 0.3 meters were used. The chemical composition of this steel is appropriate to API 5L standard (American Petroleum Institute, 2013) for grade X-70 specification level PSL2 with seam welding, as indicated in Table 1 .
The samples for thermal treatments and metallographic analysis were taken from central region of slab with dimensions of approximately 4 x 1 x 2 cm. Initially, all planes of samples were studied. After it, the perpendicular plane to the casting direction was studied in detail. V + Ti 0,06 0,28 1,53 0,016 0,0022 0,036 0,23 0,014 0,114 0,009 0,0005 0,0045 0,002 0,0017 0,084
A muffle type furnace EDG 3000 was used for the annealing. The heating and cooling rate was 20 °C/min and 15 °C/min, respectively. The treatment was performed at a temperature of 1100 °C for 1 hour with oven cooling.
Microstructure Characterization
The metallographic preparation followed conventional steps of grinding, polishing and etching with a 2% Nital solution. Confocal microscope OLYMPUS LEXT OLS4000 and SEM (scanning electron microscope) Shimadzu SSX-550 were used to microstructure characterization. Fifteen images were used to quantify grain size distribution after heat treatment. Identification of chemical constitution of non-metallic inclusions and precipitations of secondary phases located was conducted with the help of EDS (Energy-Dispersive Spectrometry) spectrometer.
Mechanical Properties
All the mechanical tests were conducted at room temperature. To determine the hardness of the material, Shimadzu HMV-2 series hardness tester was used. The load was 2 kgf and the time was 10 seconds. For each condition, fifteen indentations were accomplished in different regions of the samples surface, aiming to reach the largest possible surface area of the samples. 
Results and discussion
As-Cast Condition
In Figure 1 , a three-dimensional assembly revealed a microstructure consisted mainly of acicular (α aci ), polygonal (α poli ) and quasi-polygonal and alotromorphic (α alo ) ferrite. It is also possible to observe the presence of aggregates of ferrite and cementite, non-metallic inclusions and intermetallic precipitates, whose composition was investigated by EDS microanalysis.
Furthermore, the microstructural constituents presented in Figure 2 , a smaller fraction of idiomorphic ferrite (αidi) and ferrite with aligned second phase were found. The ferrite with aligned second phase was observed in the form of primary and secondary (α wid2 ) Widmanstätten (α wid1 ) ferrite, precipitated in the boundaries of austenite and alotromorphic ferrite, respectively. Babu and Bhadeshia (1991) related that Widmanstätten ferrite is detrimental to toughness, because it tends to grow in a parallel set of plates with the same orientation, which offers low crack propagation resistance. Figure 1 . Three-dimensional assembly of the microstructure of as-cast HSLA steel Figure 2 shows acicular ferrite, that is composed of lenticular plate cross-linked of non-uniform sizes and shapes, and non-metallic inclusions, which, according to Lee et al. (2000) , Barbaro (1989) , Loder et al. (2017) and , may favor the nucleation of this phase. Figure 3 shows the morphology and the distribution of the main precipitates and inclusions found after the continuous casting process. Considering their location, they were classified into three types: located in the grain boundaries (type 1), aligned along the ferrite (type 2) and dispersed in ferrite grains (type 3) and non-metallic inclusions distributed heterogeneously in the microstructure. Figure 4 shows an illustration of the microstructure with the morphologies of the types of ferrite found in this condition and the classification of the precipitates. This microstructure was found to be similar to microalloyed steels and low cabon steel welded joints previously reported by Figure 5 presents the micrograph of a region in which occurs the encounter of three polygonal ferrite grains. It can be observed the presence of precipitates aligned along each grain, indicating that they probably precipitate at primary austenite boundaries favored by the higher interface energy there.
The simple segregation of elements along the primary austenite grain boundaries may delay the intergranular nucleation. Edmonds et al. (2002) reported that the segregation of vanadium in this region causes the decrease of the interfacial energy between the precipitate and ferrite, once the solutes atoms in the boundaries reduce the disorder. Precipitation occurs preferentially in the boundaries, because the nucleation of these precipitates requires heterogeneous nucleation sites. Consequently, these precipitates may have favored the acicular ferrite nucleation, because the precipitate in the austenite boundary would be reducing the energy and occupying a favorable site to the intergranular nucleation of the bainite, whose nucleation occurs in the same temperature range of the acicular ferrite. It should still be considered that the inclusions and precipitates within the primary austenite grain may favor intragranular nucleation of acicular ferrite, as has already been shown by Barbaro (1989) , Jin et al. (2008) and Zhang et al. (2018) .
The micrographs from type 2 precipitates at points 1, 2 and 3 are shown in Figure 5 . A high peak of Fe was verified because of the interaction of the electron beam with the metallic matrix. The peaks of the elements Nb, Cr and C indicate that both precipitates are essentially niobium and chromium carbides. Niobium carbides and and niobium carbonitrides are responsible for the control of austenite grain growth, preventing or, at least, delaying the recrystallization of the austenite grains and, consequently, favoring products of lower transformation temperatures, such as acicular ferrite (Kuziak et al., 1995; Ma, 2008; Vervynckt, 2012; . In the research conducted by Crooks et al. (1981) , the presence of niobium and vanadium carbonitrides in the boundaries of deformed primary austenite and other vanadium-rich precipitates possibly located at the interfaces of deformation bands was verified. Table 2 shows that the precipitates found in as-casted condition are mainly chromium and niobium carbides. In some of these precipitates, the presence of titanium was found. The distribution or location of each is given according to the classification presented in this paper. In the SEM micrograph of Figure 6 , two non-metallic inclusions were observed. The non-metallic inclusion indicated by point 1 presents acicular morphology, while points 3 and 2 indicate the center and the periphery of an inclusion non-metallic globular morphology, respectively. The spectrum of point 1 indicated that the particle is an inclusion of aluminum oxide. The particle of point 3 is an inclusion with complex composition. It is also observed that the periphery of the inclusion is mainly composed of S, Ca and Al, while the central region is mainly composed of Al, Ca and O. In the micrograph of Figure 7 , three different inclusions marked by points 1-3 which contrast is quite similar, although the morphologies are different. The results of the EDS microanalysis of these points indicated that the marked particles by points 1 and 3 are aluminum oxide while particle of point 2 is an iron oxide. Figure 8 shows inclusion classification according to main elements found in the EDS microalloalysis, morphology and size. In addition to these non-metallic inclusions, iron oxides were found. The calcium oxide inclusion particles with globular morphology have smaller size (1.06 -1.7 µm). The average size of the non-metalic inclusions found was 8.70 µm.
Probably the particles of group 1 with globular morphology are calcium aluminates. In these inclusions were also found other elements such as sulfur and phosphorus, which make the the composition more complex.
Morphology indicates that calcium acted effectively on these particles, because according to Turkdogan (1996) and Shen and Fu (2019) , this element is added to modify the morphology of aluminates and sulfides, making them more globular. Cicutti et al. (1997) and Ren et al. (2018) related that the morphology modification promoted by calcium is important to increase hydrogen-induced cracking resistance of pipelines. It is possible that these irregular shaped inclusion of groups 3, 4 and 5 are respectively alumina, iron silicate, aluminates and jmsr.ccsenet.org 8, No. 4; 2019 silicates. Particles of group 3 also have polyhedral morphology. Athough the Ca/S ratio is below 1.5 in this steel, which is it recommended for reduction in HIC occurrences, it was enough to modify the morphology of elongated MnS particles as they were not found. On the other hand, calcium content was not enough to modify the morphology of some aluminates. Figure 9 revealed a biphasic microstructure formed mainly by polygonal grains of ferrite (α poli ) and carbides of iron aggregates and ferrite (α-Fe 3 C), besides non-metallic inclusions and the aligned precipitates, which were found in the initial condition and remained stable due to their high dissolution temperature. The carbide and ferrite aggregates, also called degenerate pearlite, are often confused with bainite. Unfortunately, for steels with low carbon content, the recognition of these microconstituents is quite complex, once the formation of alternating lamellae of ferrite and cementite of pearlite is not possible due to the low carbon content.
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Annealed Condition
The annealing temperature and the holding time used in the present work were sufficient for dissolution of the as-cast solidification structure. The microstructure of the steel, which consisted mainly of acicular ferrite and another ferrite types were modified to polygonal ferrite and pearlite, similar to that found in hypoeutectoid steels under metastable equilibrium. The micrograph of Figure 11 shows the microstructure of the annealed sample comprising of polygonal grains of ferrite with the presence of aligned and dispersed precipitates in the boundariesas well as dispersed inside the ferrite grains.
Microstructures composed of ferrite and pearlite were also obtained after thermomechanical treatments of microalloyed steels. For microalloyed steels of different compositions, Tither et al. (1977) obtained, after homogenization at 1230 °C and several hot rolling passes, a microstructure constitued of ferrite and degenerate pearlite, which they also called bainite. Arámburo et al. (2014) and Bakshi et al. (2019) also observed a similar microstructure in API X70 steel processed by controlled rolling. The main similarities between the microstructures obtained in the above-mentioned works are: the anisotropic structure and the average ASTM grain size of the ferrite between 9-10, both associated with the rolling process.
The average grain size of the ferrite found was 18,03 μm, corresponding to an ASTM 9 grain size. In Figure 10 , it is shown the histogram of the frequency of the ferrite grain size ranges found in annealed steel. It was observed a polymodal grain size distribution, which can be attributed to heterogeneous precipitation and pinning effect during heating. Truthfully, this can also be seen in the selected micrographs showed in the same figure. In contrast, Gomes et al. (2017) related that the presence of precipitates homogeneously distributed induce to uni-modal grain size distribution.
As it was observed, after the annealing treatment for 1 hour, the aligned precipitates found in the sample in the as-cast condition did not dissolve, indicating that your solubilization temperature is above 1100 °C (Irvine et al., 1967) . The EDS point microanalysis was performed on 5 precipitates of Figure 11 . The EDS spectrum from the points 1-3 showed that the aligned precipitates correspond to complex carbonitride precipitates of niobium, titanium and chromium. The particle from point 4 located inside the grain is a complex particle of calcium. EDS microanalysis were also performed on the precipitates located in the ferrite grain boundaries. By EDS microanalysis of point 5, it was verified that they are essentially chromium carbides. Figure 11 . Ferrite grains and precipitates in annealed steel Table 3 shows the size and composition of the precipitates found after annealing, as well as the classification according to their location. Titanium is present in almost all precipitates. In as-cast condition this element was found only in one of the precipitates analyzed. Niobium, titanium and niobium complex carbonitrides were also found, possibly the same as those previously found, but with the presence of other elements due to the diffusion promoted at the treatment temperature. 
Mechanical properties
The mechanical properties obtained from tensile, hardness and impact tests are shown in Table 4 . The as-cast HSLA steel has greater hardness and dispersion because of the presence of a heterogeneous microstructure. In addition to have provided a greater hardness, the microstructure constituted mainly by acicular ferrite and cementite resulted in higher yield stress and mechanical tensile strength. Vol. 8, No. 4; 2019 The hardness of the alloy decreased after annealing, once all ferrite morphologies were converted to polygonal ferrite. However, due to the homogenization of the microstructure, the hardness dispersion was lower. An increase of the energy absorbed by the annealed steel was found in the Charpy impact test. The specimens of as-cast steel were completely fractured, while the same did not happen with annealed specimens. The fractographies of Charpy impact specimens of the steels under as-cast and annealed conditions are shown in Figures 12 and 13 , respectively. The fracture process of the as-cast steel occurred through the formation of cleavage surface, containing river marks, while in the annealed steel fracture surface consisted of elongated microavoids of low depth, which indicate the occurrence of shear. Although a higher Charpy absorbed energy due to the higher volumetric fraction of acicular ferrite have been found in as rolled API X-70 steel by Shin et al. (2009) , the presence of brittle constituents with lower resistance to crack propagation makes the steel in the as-cast condition very brittle, so that it is less ductile also during tensile testing.
Conclusions
The annealing treatment at 1100 °C for 1 hour eliminated the as-cast microstructure. After this heat treatment, the microstructure, which was mainly composed of acicular ferrite, became predominantly polygonal ferrite and ferrite and carbide aggregates (pearlite) and some particles dissolved. The heterogeneous distribution of precipitates was responsible for the polymodal distribution of grain size.
In the studied conditions, three types of precipitates were classified according to their distribution in the microstructure: 1) located in the boundaries of the grains, 2) aligned along the ferrite and 3) dispersed within the polygonal ferrite grains. From the EDS microanalysis these precipitates were identified mainly carbides and carbonitrides of chromium and niobium with the presence of other elements such as titanium. Globular non-metallic inclusions of calcium oxide and also calcium aluminate was found, but calcium content was not enough to modify the morphology of some aluminates.
In as-cast condition, steel showed highest hardness and mechanical strength, but lower ductility. Although both contidion have close tensile strength, the energy absorbed during impact was higher in the annealed sample. Because of this brittle behavior, the steel could not be used in as-cast condition. The annealing carried out showed to be appropriate in different aspects, so that the annealing temperature can be used as the soaking temperature before the forming process. However, it should also be considered that the grain size distribution found may be detrimental and that the austenite transformation products during the forming process will be probably modified by the parameters of the thermomechanical process, such as temperature of strain and cooling rate.
